INTRODUCTION
Most of the world's 23 million short-tailed shearwaters Puffinus tenuirostris complete an annual 15000 km migration from breeding grounds in southeast Australia and Tasmania to feed in the North Pacific Ocean and Bering Sea during June through September (Serventy 1958 , Shuntov 1974 , Hunt et al. 1981 , Skira 1986 . Although this foraging strategy most likely evolved to utilize the timing in peak availability of prey resources, which alternates seasonally between the northern and southern hemispheres, shearwaters occasionally starve by the thousands while adhering to this strategy (Douglas & Setton 1955 , Serventy 1967 , Oka & Maruyama 1986 . While short-tailed shearwaters were being studied along the inner frontal region of the southeastern Bering Sea in 1997, a large-scale mortality event occurred (July to September; Baduini et al. 2001 ). Large scale die-offs of shearwaters are infrequent in the Bering Sea because this is a highly productive area, with C fixation of ~200 mg m -2 yr -1 on the shelf (McRoy et al. 1986 ) and usually has abundant prey resources of euphausiids and fish. The objective of this study was to describe the patterns of loss of body mass, lipids, protein, and bone marrow lipids in a natural population of short-tailed shearwaters before, during, and after this mass mortality event. Additionally we modeled the flight ranges potentially available to birds given their remaining lipid reserves. The results provide a context for assessing the energetic requirements and flight limitations for individuals searching large areas (several hundred km 2 ) for patchily distributed prey in the Bering Sea, for adult foraging trips during breeding, and for shearwaters migrating across productive and non-productive oceanic regions.
Few studies of birds have been able to show severe nutritional stress in a natural setting (Owen & Cook 1977 , Jenni-Eiermann & Schifferli 1989 , Fournier & Hines 1994 , Jeske et al. 1994 , Lovvorn 1994 , and few have determined the relation between lipid and protein mobilization during starvation. The observed dieoff of short-tailed shearwaters in the southeastern Bering Sea in 1997 was unusual not only for its magnitude of ~200 000 individuals and up to 11% of the total population (live and dead shearwaters surveyed during fall 1997) but also for its timing and location (Baduini et al. 2001) . Most major mortality events of short-tailed shearwaters occurred where the transequatorial migrations terminate. In the southern hemisphere, die-offs occur along the eastern coast of Australia on the return trip from the North Pacific Ocean (Douglas & Setton 1955 , Serventy 1967 ). In the northern hemisphere, die-offs have occurred along the Pacific coast of Japan in April through June (Kawaguchi & Marumo 1964 , Ozawa 1964 , Kuroda 1967 , Sugimori et al. 1976 , Oka & Maruyama 1986 . These repeated mortality events off Japan and Australia have been associated mostly with young-of-the-year individuals caught in storms, a lack of food, and subsequent starvation, and little evidence exists for death caused by disease (Serventy 1967 ). Thus, it is possible to conceive how useable energetic stores become critical to traveling long distances between productive oceanic regions where these birds must feed and renew energy reserves.
To determine usable levels of stored reserves, we described the components of body composition (lipids versus lean components) that were utilized initially as short-tailed shearwaters began to starve. Starving birds and mammals adjust to long-term fasting and starvation generally by using fat reserves and sparing protein (Cherel et al. 1988 , Robin et al. 1988 , Groscolas et al. 1991 , Cherel et al. 1993 , 1995 . Bone marrow lipid, which contains mainly fat cells (Little 1973) , is usually one of the last lipid reserves utilized during starvation (Pond 1978) . As a result, the absence of bone marrow lipid has been used to indicate severe fasting conditions in birds (Raveling et al. 1978 , Hutchinson & Owen 1984 , Jeske et al. 1994 , Thouzeau et al. 1997 ) and mammals (Davis et al. 1987 , La Jeunesse & Peterson 1993 , Chan-McLeod et al. 1995 . Also, Oka & Maruyama (1985) have used visual evaluation of tibiotarsus and femur marrows as a method of estimating nutritional condition of short-tailed shearwaters during mortality events in Japanese waters. Thus, we examined bone marrow lipid levels in order to identify severe starvation.
We also modeled how observed variation in body condition affects flight ranges, because short-tailed shearwaters are highly migratory and much of their foraging success depends on searching large expanses of ocean and locating highly variable and aggregated prey. On the basis of measured and predicted body lipid stores, we estimated flight ranges of shearwaters in the Bering Sea of adults performing long and short foraging trips to provision chicks at colonies in Australia (Weimerskirch & Cherel 1998) , and adults leaving breeding colonies to begin the transequatorial migration to the North Pacific Ocean (Lill & Baldwin 1983) . Our results suggest how the long migrations, energetic strategies, and mortality patterns of these shearwaters are shaped by seasonal and inter-annual fluctuations in the timing and location of oceanic production at global scales.
MATERIALS AND METHODS
Changes in body composition with starvation. Shorttailed shearwaters were collected under permit during 6 research cruises to the southeastern Bering Sea in spring (27 May to 28 June) and fall (27 August to 12 September) Although it is uncommon to sample body condition of dead individuals, because these carcasses were fresh and internal organs were intact, they provided a unique opportunity to determine the body mass, lipid content, and pectoralis muscle mass from recently dead birds. Every measurement was not made on each individual. The distribution of measurements made on specimens varied among years and between collected and beachcast individuals (Table 2) . Because not all measures were available for all birds sampled, sample sizes in the analyses differ from the numbers of birds collected. Wet body mass (total mass upon capture minus stomach contents) was measured at sea immediately after collection using a 1 kg scale (± 10 g; Pesola AG, Switzerland). Wet breast muscle mass (1 side of pectoralis muscle) was measured using a top-loading precision balance (± 0.01 g; Acculab Sartorius Group, Newtown, PA). Wet pectoralis mass measurements were doubled for analyses (i.e. full breast). Wet liver masses were measured at sea using a Pesola 200 g scale (± 2 g). All organs were returned to the carcass and carcasses were then frozen and stored (-20°C) for later analyses (i.e. homogenization for lipid extraction).
Frozen birds were thawed and defeathered by hand plucking. The entire bird (excluding feathers) was passed through a conventional meat grinder 6 times (2 times through a wide bore blade and 4 times through a small bore blade), with hand mixing between passes to homogenize the sample. Three subsamples of 30 g (wet mass) were measured from the homogenate, and each was combined with 2 to 3 g of infusorial earth that was dried and weighed before addition to the homogenate. The combined sample was dried in a convection oven at 60°C (± 5°; Kerr 1982) for 24 to 48 h or until the dry mass stabilized. Dry body mass was determined by multiplying the mean percentage dry content of homogenized subsamples by wet body mass (without stomach contents). Lean dry mass was then calculated by subtracting dry body lipid mass (in grams) from dry body mass (excluding feathers).
Dry samples were placed in tared extraction thimbles and weighed. Lipid content was obtained by extracting (Christie 1982 , Dobush et al. 1985 , Roby 1991 . After extraction, samples were redried in a convection oven for 24 h or until a constant mass was achieved. The lipid content of each subsample was determined as the difference in dry mass of the sample before and after extraction (excluding mass of infusorial earth). The mean lipid content in the 3 subsamples was used to calculate body lipids of the entire individual. Body fat (in grams) was calculated by multiplying the mean percentage lipid content of the subsamples by dry body mass (excluding feathers). Bone marrow lipid content was measured in a separate set of birds (n = 26) collected in June and August 1997 and from 7 birds collected in August 1998, which were not processed for body lipid content. Lipids were measured and combined from 3 leg bones (femur, tibiotarsus, and tarsometatarsus). For each bird, both legs were dissected, muscle and connective tissue were scraped from bones, and each leg was used as a dependent replicate. Next, the leg bones were broken in half to expose marrow for extraction. All 3 leg bones were combined and dried to constant mass in an oven at 60°C, weighed on a top-loading AE240 precision balance (Mettler Toledo, Columbus, OH), and extracted in petroleum ether for 20 h. Extracted bones were redried for 24 h and reweighed. Lipid content was estimated as the difference in leg bone mass before and after extraction. If the leg bones were broken during the at-sea collection, they were not used for lipid analyses.
To investigate patterns of lipid and protein loss during starvation, regressions were constructed for lipid content, wet pectoralis muscle mass (full breast), and wet liver mass on wet body mass. Although only a single value was measured for each body component for each bird, collectively, the many samples of birds over a 3 yr period revealed patterns that may have occurred as a single bird starved in the wild. This method, although not as rigorous as experimentally starving individuals in a controlled environment, had the advantage of allowing observation of patterns in a natural setting.
Total body length was used as an overall measure of body size to determine whether body size, rather than emaciation, could be a major contributor to the patterns observed in body composition. The first principal component in a principal component analysis of 5 measures of body size (total length, tarsus length, culmen, wing chord, and bill depth) accounted for 27% of the variance in body size. We used total length as an overall measure of body size because it had the highest factor loading (0.432) of the 5 measures with the first principal component and was available for all birds. ANOVA showed that total lengths of males, females, and individuals of unknown sex did not differ significantly from one another (F = 1.73, p = 0.180, n = 260). There was also no significant difference in total length between mature and immature individuals (F = 0.063, p = 0.802, n = 148). Mature individuals were identified as females only by the presence of a convoluted oviduct, indicating that the bird had experienced egg laying. Thus, although the sample contained some smaller and some larger birds, on average, all individuals from our sample population were of similar size in terms of total length. Therefore, the patterns in body mass, lipid content, and muscle mass loss could be analyzed independently of body size.
Since lipid mass, pectoralis mass, and liver mass are components of body mass, it is statistically inappropriate to regress body mass with lipid mass, etc., because the x and y variables are not independent of one another and by necessity would be correlated (van der Meer & Piersma 1994) . Thus, dry lipid mass was regressed with lean dry body mass, an independent measure. Wet body mass is a universal component used by both researchers and managers for describing relative body condition of birds. Thus, body mass was related to changes in lipids and other body components. To relate the amount of lipid stores remaining at a given wet body mass, we included isoclines of wet body mass in Fig. 2 . Wet pectoralis mass was regressed against dry lipid mass to indicate the relative use of lipid storage components and protein during starvation.
Linear (y = mx + b), power (y = mx a ), and exponential (y = me ax ) functions were tested for best fit with each data set (best fit = highest r 2 value; Statistica for Windows version 5, Statsoft Inc., Tulsa, OK). The inflection point of the function (where the change in lean dry mass and change in lipid mass were equal and slope = 1) was used to determine the body mass at which transition occurred from use of primarily lipid to mostly muscle stores.
Comparisons of body condition among seasons. To compare body condition indices among seasons and years, we tested for the covariance of condition variables with total length (Packard & Boardman 1987) . When significant, a covariance adjusted mean was calculated using Statistica 95 to determine seasonal differences in lipid content, pectoralis mass, liver mass, and bone marrow lipid content.
Estimation of flight ranges. Body lipid values predicted for individuals of varying wet body mass were used to calculate the energy available for flight and corresponding flight ranges of shearwaters using Pennycuick's (1989) 'flight.bas' program. The program calculated the costs of flight by using the power required to maintain flapping flight at the maximum range speed and was uncorrected for wind speed. Flight distance for an individual with given lipid content was calculated assuming an energy density of 3.9 × 10 7 J kg -1 of fat and assuming that fat was the only energy source (Pennycuick 1989) . Lipid reserves for a given wet body mass were estimated from the regression equation in Fig. 2 . We used lipid stores to estimate flight ranges for short-tailed shearwaters; however, there is evidence that shorebirds and passerines also utilize protein stores while migrating (Piersma & Jukema 1990 , JenniEiermann & Jenni 1991 , Akesson et al. 1992 , Gauthier et al. 1992 . Nevertheless, it is unclear whether the use of protein stores during migration is devoted directly to increased flight costs, thus allowing an increase in flight range. Lindstrom & Piersma (1993) have suggested that protein utilization during migration may be attributed to tissue maintenance (as opposed to flight per se) during the increased demands of flight. Additionally, there is empirical evidence that the relative contribution of protein relative to total energy expenditure during sustained flight varies according to initial lipid stores (Jenni & Jenni-Eiermann 1999) . When initial fat content of migrating birds is low (5% of total body mass), the relative protein contribution to total energy expenditure is up to 20%. When initial fat content is greater (25 to 30%), relative protein contribution to total energy expenditure is ca 5 to 7% and this value remains relatively constant for birds with a fat content > 30%. In our flight calculation estimates, we calculated flight ranges for seabirds with a range of fat estimates from 2 to 25% and thus the contribution of protein catabolism during migration may change according to fat content. Thus, our estimates of flight range are minimum estimates and do not include the contribution of proteins to estimated flight distance. It is likely that because of the low energy density of protein stores (ca 4.1 kcal g -1 ) relative to lipid stores (ca 9.3 kcal g -1 ), the contribution of proteins to energy expenditure and increased distance in flight is much less than that of lipids. In a review of fat and protein utilization during long migratory flight distances, Jenni & Jenni-Eiermann (1999) concluded that during migra- (Warham 1990) , we developed a range of distance estimates that may account for the differences in costs between these modes of flight (Ballance 1995) . Furness & Bryant (1996) measured costs of flight in relation to wind speed in the northern fulmar Fulmarus glacialis, a procellariiform seabird, slightly larger than shearwaters, using the doubly labeled water technique (Tatner & Bryant 1989 ) and field metabolic rates estimated for flight gradually decreased as a function of wind speed and leveled out at 2 to 3 times the basal metabolic rate (BMR) when wind speeds reached 8 m s -1 and wingbeat rate was <1 beat s -1 , essentially gliding flight. The mean at-sea (flying) metabolic rate was 4.5 times BMR, but ranged between 1.4 and 7.8 times BMR depending on wind conditions. They concluded that for individual birds with high field metabolic rates, flapping flight was used for up to half the time spent at sea. The flight.bas program, based on aerodynamic theory, determined that the power required for continuous flapping flight of short-tailed shearwaters of varying wet body mass ranged from 10.3 to 19.0 times BMR, approximately double the estimates measured by Furness & Bryant (1996) . Because of the variable range in flight costs, we calculated flight ranges based on proportions between flapping and gliding flight (from 0 to 100% gliding flight). Flight ranges calculated by the equations of aerodynamic theory for flapping flight using the flight.bas program (Pennycuick 1989) correspond to estimates for 100% flapping flight. These distance values were then adjusted according to the percentage of time spent gliding (for example, for 50% flapping and 50% gliding flight, estimated flight range was doubled). Also, a maximum possible range that shearwaters could fly is provided, given that short-tailed shearwaters were solely using gliding flight. Ballance (1995) showed, using doubly-labeled water measurements on free-ranging redfooted boobies Sula tridactyla, that flight costs may be as much as a third less than costs estimated if steady flapping flight were assumed (Pennycuick 1989) . The discrepancy is probably related to the dynamic soaring type of flight used by red-footed boobies (Ballance 1995) .
RESULTS

Changes in body composition with starvation
Lipid mass decreased significantly with decreasing lean dry mass ( Fig. 2a; r 2 = 0.45, p < 0.0001, n = 151). A power function best described this relation. The inflection point where the slope = 1 was 144 g lean dry mass and 33 g dry lipid mass, which corresponds to a wet body mass value just greater than 500 g (6.6% adiposity: dry lipid mass divided by wet body mass × 100; Fig. 2a ). Below 425 g wet body mass, lipids were almost completely exhausted and most change was due to a reduction in lean dry mass. In contrast, above 600 g wet body mass, the change in lipid mass accounted for most (ca 70%) of the change in body mass. An exponential fit best described the relation between dry lipid mass and wet pectoralis mass (r 2 = 0.45, p < 0.0001, n = 126; Fig. 2b) . For values greater than 55 g pectoralis mass, most of the decrease in body mass was attributed to lipid loss. For pectoralis mass less than 45 g, most of the body mass decrease was associated with loss of the breast muscle. This relation implies that mainly lipids were metabolized as shearwaters initially lost body mass, whereas flight muscle mass was mobilized as an energy source once lipid stores were depleted. A power curve best described the relation between liver mass and liver-free wet body mass (r 2 = 0.43, p < 0.0001, n = 191; Fig. 2c ), although this relation was almost linear (r 2 = 0.38, p < 0.0001, n = 191).
Comparisons of body condition among seasons
Dry lipid mass did not covary significantly with total length (r 2 = 0.005, p = 0.39, n = 142), and because variances were unequal among groups, a non-parametric Kruskall-Wallis rank test was performed to test for significant differences in lipid content among seasons. The mean lipid content of short-tailed shearwaters differed among different seasons (H = 73.23, p < 0.0001, n = 151). The season with the greatest mean body lipid content was spring 1997 (mean = 94.73 g) and the lowest values (mean = 3.23 g) were among beachcast birds collected during the die-off in August 1997 (Fig. 3) . Interestingly, mean lipid values were lower during fall 1998 (mean = 31.05 g) than fall 1997 (mean = 45.59), yet no die-off occurred. The lipid content of beachcast birds was essentially exhausted (<5 g), indicating that they had consumed their lipid energy reserves.
Pectoralis mass covaried significantly with total length (F = 16.53, p < 0.0001, n = 236) and there were significant differences among seasons in adjusted mean pectoralis mass (F = 16.49, p < 0.0001, n = 236; Fig. 3 ). Liver mass did not covary significantly with total length and variances among seasons were unequal. A KruskallWallis test showed that there were significant differences in mean liver mass among seasons (H = 39.80, p < 0.001, n = 191). Mean liver mass of beachcast birds collected during the 1997 die-off were significantly lower than mean liver mass of birds in spring and fall 1998 and 1999 (liver mass was not collected in spring and fall 1997; Fig. 3 ).
The lipid content of leg bone marrow covaried significantly with total length (F = 4.77, p = 0.037, n = 33) but not with tarsus length or tarsus mass, and thus bone lipid content was adjusted for body size. There were significant differences among the adjusted mean bone marrow lipid content in spring 1997, and in fall, during the die-off (Tukey multiple comparison, p = 0.031, n = 26; Fig. 3 ), spring 1997 and fall 1998 (Tukey, p = 0.045, n = 18; Fig. 3 ). Bone marrow lipid content was lower during the die-off in fall 1997 (adjusted mean = 0.470 g) than during the previous spring 1997 (adjusted mean = 0.720 g). However, the bone marrow lipid content was significantly lower in fall 1998 (adjusted mean = 0.330 g) than that in birds during the die-off in fall 1997. Most birds collected during the die-off had a measurable amount of lipid left in the bone marrow (mean ± SE: 0.47 ± 0.09 g), indicating that marrow lipid stores were still available as an energy source.
Estimation of flight ranges
Flight ranges for short-tailed shearwaters that were in poor body condition and close to death (wet body mass 426 g) and in which lipids were nearly exhausted (11 g) were 137 to 548 km (Table 3 ). The flight ranges for birds weighing 500 g, the body mass at which the change in lipids equaled the change in lean dry mass, were 959 to 3836 km. For birds foraging for offspring at a colony in Tasmania, flight ranges were 2000 to 8500 km based on fat stores (59 to 72 g) estimated from published body masses. Shearwaters leaving colonies in southeast Australia and migrating to the North Pacific Ocean with ca 67 g of body fat had maximum range estimates of 8320 km. Thus, shearwaters must encounter adequate densities of prey within 2000 to 8000 km of leaving the colony before body condition deteriorates and starvation is possible.
DISCUSSION
Changes in body composition with starvation
The anomalous weather events that occurred in the southeastern Bering Sea during 1997 to 1999 (Vance et al. 1998 ) and the shearwater mortality event that resulted in July to September 1997 (Baduini et al. in press) allowed us to observe changes in body composi- Calculations from flight.bas program. Table 3 . Predicted flight ranges (km), maximum range speeds, and power expended at maximum range speed relative to basal metabolic rate (BMR) for short-tailed shearwaters of various body conditions. Power (W) is expressed as chemical or metabolic power (i.e. rate of consumption of fuel energy) rather than mechanical power required for flight tion of shearwaters during starvation. The changes in body composition in an undernourished wild population of short-tailed shearwaters were consistent with other models in which birds and mammals were experimentally fasted in a controlled environment (Cherel & Le Maho 1985 , Cherel et al. 1987 , Robin et al. 1988 ). Birds and mammals adjust to long-term fasting and starvation by increasing fat utilization and sparing protein (Cherel et al. 1988 , Robin et al. 1988 , Groscolas et al. 1991 , Cherel et al. 1993 , Cherel et al. 1995 , Cherel & Groscolas 1999 . Three metabolic phases have been characterized during long-term fasting and starvation in penguins and domestic geese (Cherel et al. 1988) . In Phase I, during the first few days without food, there is a sharp decrease in daily mass loss along with a decrease in protein catabolism. Phase II is characterized by utilization of neutral lipid stores, protein sparing, and a decrease in the rate of mass loss. During Phase III, there are low amounts of lipids left, protein is no longer spared and catabolism occurs, and the rate of mass loss increases. Protein catabolism increases during Phase III before lipid stores are completely depleted and is reversible (Cherel et al. 1988 , Cherel & Le Maho 1991 , Robin et al. 1998 .
During starvation, short-tailed shearwaters initially lost lipid mass at a greater rate than muscle mass. There was a measurable amount of pectoralis muscle left in all of the birds collected. Because the decrease in pectoralis muscle mass was more gradual than lipid loss, and muscle loss did not increase until lipid mass values were below 20 g (Fig. 2b) , proteins were selectively spared as body mass decreased and individuals starved. Although birds that have been recorded starving in the wild usually have reduced and atrophied pectoralis muscles (Piersma 1988) , the use of these muscles and the ability to fly must be one of the last faculties to fail with the onset of starvation. The loss of the use of these muscles and inability to fly essentially inhibits a bird's ability to find prey, especially in species that must locate widely dispersed, patchy, and unpredictable food supplies, as in most seabirds.
Lipids were used mostly as an energy source until body mass decreased to about 500 g. Below 500 g, there was greater use of lean dry mass as an energy source. Bone marrow lipids, one of the last lipid stores to be used during starvation, had been mobilized by birds in fall 1997 and 1998. Coincidentally, in fall of 1997 and 1998, mean body mass values were 515 ± 9 g and 498 ± 14 g, respectively, and bone marrow lipids were significantly lower than in spring 1997, indicating that one of the last lipid stores utilized was being depleted. Approximately 500 g may be the lower limit of body mass at which short-tailed shearwaters enter Phase III of starvation. Although shearwaters were captured alive at body mass 426 g, birds began to die when approaching this mass, as evidenced by the beachcast carcass data in which birds weighed 480 g or less (mean = 380 g). Nevertheless, beachcast birds died during or after Phase III of starvation. A body mass of 450 g may be a more biologically relevant valve for determining the onset of starvation and the increased probability of death. The energy expenditure of a bird sitting on the water and preening is approximately 1.2 times BMR (Dolnik 1980) . Given this energy expenditure of birds that can no longer fly or are unwilling to fly in calm wind conditions, a shorttailed shearwater weighing 400 to 450 g can probably survive no more than 1 to 2 d before starving to death.
Comparisons of body condition among seasons
Mean lipid values for spring and fall 1998 were lower than those of shearwaters collected alive during the die-off in September 1997. It is somewhat puzzling why shearwaters collected in 1998 had lower lipid and lower pectoralis mass values, yet no large-scale mortality event was observed. There are 2 possible explanations why short-tailed shearwaters may have starved and died in 1997 but not in 1998. One is that winds were relatively absent throughout summer 1997 compared with 1998; thus, the increased flight costs in 1997 may have contributed to the demise of shorttailed shearwaters.
Shearwaters require moderate wind speeds (8 to 12 m s -1 ) for efficient gliding flight (Alerstam et al. 1993) . Daily wind speeds from the ship's logs indicated that during the die-off in fall 1997, less than 50% of days had wind speeds averaging > 8 m s -1 . During the same time in fall 1998, 70% of days had wind speeds averaging > 8 m s -1 (C. Baduini pers. obs.). The greater number of windy days in fall 1998 probably reduced the energy costs of flight for shearwaters. Without wind, shearwaters are required to fly by flapping rather than soaring. Costs for flapping flight have been estimated to be 6 to 8 times greater than soaring flight, depending on flight speed (Alerstam et al. 1993 ). This dramatic change in costs of flight may have helped short-tailed shearwaters escape another large-scale mortality event in 1998 if they were able to fly by soaring more often than in 1997.
A second explanation is that an alternative prey resource was available during fall 1998 that was not available in 1997 (C. Baduini pers. obs.). Shearwaters were observed foraging on juvenile (age-0 class) walleye pollock Theragra chalcogramma in the area of the middle southeastern Bering Sea shelf, southwest of Cape Newenham, in 1998 and not in 1997. Usually, the diet of short-tailed shearwaters in the southeastern Bering Sea is dominated by adult euphausiids, primarily Thysanoessa raschii (Hunt et al. 1996 , Ogi 1980 . A lack of euphausiids in nearshore surface waters or a shift in their horizontal and vertical distribution in 1997 may have made it difficult for short-tailed shearwaters to obtain sufficient resources (Baduini et al. 2001) . In 1997 and 1998 a shift was observed in the diet of shorttailed shearwaters from primarily a euphausiid diet in spring, to an almost complete diet of fish, juvenile pollock, and sandlance Ammodytes hexapterus (Hunt et al. in press, C. Baduini pers. obs.) . Predominant southwest winds and strong cross-shelf transport in water currents transported a substantial portion of the 1998 year class of pollock onto the Bering Sea shelf in August and September, and short-tailed shearwaters then foraged on them. It is possible that the availability of this prey resource sustained short-tailed shearwaters and prevented them from dying.
Estimation of flight ranges
Adaptive body mass loss and lipid levels have major implications for the amount of energy reserves shorttailed shearwaters can carry on board, for flight costs, and for distances that individuals can fly in search of food. Lower lipid levels limit travel distances between or among prey patches, and in the case of migration, limit the distances that can be traveled between major centers of ocean productivity. Short-tailed shearwaters migrate in waves of very large flock sizes (thousands to tens of thousands) and may occasionally stop to feed along the way. However, feeding conditions are unlikely to be consistent enough over areas of lower productivity to supply significant replenishment of reserves.
According to the estimated flight ranges, shearwaters weighing less than 500 g in fall 1997 and 1998 did not have enough lipid stores to complete a migratory flight out of the Bering Sea without refueling. Individuals weighing less than 426 g, with a maximum estimated flight range of 548 km (Table 3) , were likely to starve unless they encountered prey aggregations where stores could be replenished. Short-tailed shearwaters have been estimated to travel from 600 to 1124 km d -1 while searching for prey and feeding in antarctic waters (Nicholls et al. 1998 , Klomp & Schultz 2000 . Our estimated range estimates indicate that birds in poor condition (< 500 g body mass) in the southeastern Bering Sea were probably starving and close to death. Shearwaters captured alive in late summer 1999 weighed 570 g, on average, and had estimated flight ranges from 1950 to 7800 km. These birds could sustain flight between substantive prey aggregations while moving out of the Bering Sea and across the North Pacific Ocean.
The level of energetic stores also has implications for migration routes and the occurrence of starvation events. Upon leaving the colony at Cape Woolami in southeast Australia, adult short-tailed shearwaters have minimum flight ranges of 2080 km and maximum ranges of 8320 km (Table 3) . Although the exact migration route is unknown and has been a topic of speculation for some time, it has been proposed that when short-tailed shearwaters are headed toward wintering grounds in the northern hemisphere, they migrate northward along the western side of the North Pacific Ocean toward Japanese waters, where the number of birds is greatest during April through June (Ogi et al. 1980 , Oka & Maruyama 1986 , Watabe et al. 1987 , Minami et al. 1995 . From Japanese waters, short-tailed shearwaters move toward the Bering and Chukchi Seas, where they spend the months of May though October feeding. At least 1 possible return route occurs along the coasts of Canada and northwestern United States, in the California Current region, where short-tailed shearwater sightings are greatest from September through January (Baltz & Morejohn 1977) . There are few birds in Japanese waters from September to November, the prospected time when short-tailed shearwaters are headed southward during their return to breeding colonies (Watabe et al. 1987) . A more direct route has been proposed in which shearwaters move northward in broad fronts directly toward the Northwest Pacific and progress rapidly through the equatorial western Pacific (Shuntov 1974 ), but there is little evidence (from sighting or net entrapment data) to support this pattern of movement. Upon arrival in the subarctic, birds move into the Sea of Okhotsk, the Bering and Chukchi seas, and the Gulf of Alaska. This migration route takes short-tailed shearwaters over waters of relatively low productivity in the subtropical and tropical equatorial zone. Data from a Coastal Zone Color Scanner composite image from 1978 to 1981, which projected changes in seawater color with changing concentrations of photosynthetic pigment and ocean productivity, showed that the shortest linear distance from Tasmania to productive waters was to the waters off Japan (courtesy of J. A. Elrod and G. C. Feldman, NASA/Goddard Space Flight Centre; data not shown). Also, there is a region just east of the Marshall Islands in the equatorial Pacific that has elevated photosynthetic production levels. The great circle route from southeast Australia to Japan is approximately 8700 km and from Tasmania to Japan is approximately 9300 km. If large groups of shorttailed shearwaters migrating from southeast Australia and Tasmania toward Japan do not encounter large aggregations of prey en route or shortly after they arrive, starvation events may occur because exhausted lipid stores cannot be replenished upon arrival.
The body condition and thus energetic stores of parent short-tailed shearwaters influences the foraging strategy taken by parents when provisioning for offspring at the colony. Weimerskirch & Cherel (1998) described the alternation of long (9 to 17 d) and short (1 to 3 d) foraging trips that occurs when the body condition of adults and chicks fluctuate during the breeding season. Decisions whether to forage in close or distant waters were determined by the body condition of the parent. On average, there was only a 20 g (11 g) difference in body (lipid) mass of adults (after feeding chicks) returning from long (590 g) and short (570 g) foraging trips. This amount translated to a difference in flight range of 200 to 400 km for the 2 kinds of trips. The flight ranges we calculated were consistent with estimated flight ranges in which adults from the breeding colony on Bruny Island were observed to travel to the subantarctic polar front (1000 km roundtrip) and to the antarctic polar front (2400 km roundtrip) in search of prey (Weimerskirch & Cherel 1998) . Shearwaters in relatively good body condition probably have energetic lipid stores that would support a flight range of 1000 km d -1 for up to 1 wk. This range would allow individuals time to find distant and less predictable, yet highly aggregated prey patches.
In this paper, we described patterns of lipid, muscle, liver, and bone marrow lipid loss in wild populations of short-tailed shearwaters. These provided us with the opportunity to understand the changes that occur in body composition with nutritional stress. On the basis of this information, we can predict the body condition of a short-tailed shearwater given its body mass and estimate the flight range and time remaining to find dense aggregations of prey from which stores may be replenished. The patterns of changes in body composition described here will be useful in understanding the annual energetic strategies and mortality patterns of short-tailed shearwaters during their long-distance annual movements between oceanic regions with high productivity and seasonal variability of prey resources.
